Genetic recombination occurs frequently during replication of picornaviruses. To explore the intracellular site and structures involved in recombination, HeLa cells were infected with poliovirus type 1 Mahoney and type 2 Sabin. The two genomes were located by fluorescent in situ hybridization and confocal microscopy. For hybridization, type-specific fluorescent riboprobes were used to visualize the same genomic region where, in parallel, recombination was demonstrated with type-specific reverse transcription-PCR and sequencing. The hybridization analysis indicated that >85% of the replication complexes contained both type 1 and type 2 RNA sequences aligned at a lateral distance of 50 nm or less. Sequential infection of cells ruled out the possibility that the high percentage of mixed replication complexes was due to aggregation of input virus. Visualization of input genomic RNA over time showed that the viral genomes migrated to relatively few distinct, and thus presumably specific, perinuclear sites where replication started. The first recombinant RNA strands could be detected concomitantly with the onset of RNA replication. The limited number of start sites for replication may be the reason for the observed preferential formation of mixed replication complexes, each accommodating several parental RNA strands and thus allowing recombination.
Poliovirus (PV), the prototype member of the family Picornaviridae, represents in many respects the paradigm for research on other plus-strand RNA viruses. Among the fundamental insights gained by PV research is the first discovery of recombination between viral RNA genomes (30, 35) . Since then, some light has been thrown on mechanistic aspects of recombination (for a review see references 1 and 57); however, it is not clear in which context of the elaborate structures comprising the viral RNA replication machinery, i.e., the replication complex (4, 6, 9, 12, 21, 22, 51, 52) , recombination can occur.
PV RNA replication is preceded by translation of the incoming viral genome. Translation, initiated at the internal ribosomal entry site (IRES) (42, 43) , was reported to be enhanced by binding of the cellular poly(rC) binding protein (PCBP) to the IRES (10, 11, 25) and, additionally at early stages, by an interaction of eIF4G with the IRES and the poly(A)-bound poly(A) binding protein (PABP) (50) . A transition from translation to transcription was thought to be mediated by the newly synthesized viral protein 3CD, which, together with PCBP, binds to the 5Ј cloverleaf of the viral mRNA (23, 24, 39) . Poly(A)-bound PABP then would attach to this complex, leading (again) to a 5Ј-3Ј interaction in the viral plus-strand RNA (29) . This interaction was proposed to be a prerequisite for minus-strand RNA synthesis, the first step in genome replication (3, 29, 53) . The second step in viral genome replication is plus-strand RNA synthesis, which proceeds, after multiple initiations, in the partially doublestranded replicative intermediate. The primer for RNA synthesis is VPgpUpU (41) , which was found to be synthesized on a cis-acting sequence element within the 2C coding region (28, 40, 44) .
Many, if not all, of these steps in the viral replication cycle seem to be linked to membranes. Translation presumably proceeds on endoplasmic reticulum (ER) membranes (21, 46, 47) , and the translation products of the P2 and P3 genomic region reportedly associate with the ER (26, 55) . At the same site, the protein 2BC activates the formation of vesicles (2, 7, 15, 48, 49) , which build up the PV replication complex and which were found to represent ER-derived coat protein II (COPII)-induced vesicles of the anterograde membrane pathway (48) . Concomitantly, the viral mRNA becomes a template for minus-strand RNA synthesis, which suggests that minus-strand synthesis could be associated with the nascent vesicular replication complex. RNA of minus-strand polarity could in fact be found in delineated membranous structures within the cell (12) , but the role of membranes in minus-strand RNA synthesis remains to be defined. The mature replication complex, engaged in plus-strand RNA synthesis (20) , was described to present as a cluster of vesicles, called a rosette (9) . The formation of replication complexes was reported to couple translation, vesicle formation, and transcription in cis, whereby no exchange of viral protein, RNA, or membranes could be observed (21) . This renders processes such as complementation and recombination enigmatic from a structural point of view and raises the question of how these processes, particularly the frequently observed recombination, can proceed.
RNA recombination is accomplished by two different mechanisms (14) . Nonreplicative recombination was proposed to be mediated by ribozyme-like structures in the PV genome (27) . Replicative recombination was found to occur by a template switch mechanism of the polymerase during minus-strand RNA synthesis (16, 31, 34, 45) . Its frequency is 10 to 20% of recombinants among progeny strands (33) , and it may take place over the entire viral genome (for reviews, see references 1 and 57). Stem-loop structures were thought to promote recombination by allowing the alignment of the parental strands for the switching process (45, 54) . Recombination was considered to be important for both virus evolution and genome conservation (1), and it was found to happen in the human gut at rather high frequency after vaccination with trivalent oral polio vaccine (38) .
Recombination, progressing during minus-strand RNA synthesis, requires close association between the parental donor and acceptor RNA strands of plus polarity. There are several conceivable ways in which different RNA strands could be brought into close proximity within the infected cell. First, there could be an interaction between individual replication complexes, e.g., by exchange of RNA through viral progeny RNA which, set free from a replication complex (56) , would invade a second replication complex. Second, several replication complexes could merge to form a complex containing more than one parental RNA strand. Such processes were observed at late stages of virus replication when individual replication complexes were found to coalesce in a perinuclear area (12) . Third, a replication complex could be built up by two or several different parental RNA strands from its very beginning and thus contain more than one replicating RNA population.
The aim of the present work was to investigate the mode of formation of presumed mixed PV replication complexes containing different parental RNA strands and thus allowing for recombination. To this end, HeLa cells were infected with two PV strains, type 1 Mahoney (M1) and type 2 Sabin (S2), and the resulting replication complexes were detected by fluorescent in situ hybridization (FISH). Type-specific fluorescent riboprobes were used to visualize the genomic region, where recombination was demonstrated with type-specific reverse transcription (RT)-PCR and sequencing. This protocol allowed the detection of parental RNA strands and recombinants without selection for viability.
After double infection, input viral genomic RNA strands were found to migrate from the cell surface to relatively few specific perinuclear sites to start RNA replication in close association. The first recombinant RNA strands were found by RT-PCR concomitantly with the onset of RNA replication, and high-resolution FISH analysis indicated that most of the replication complexes contained both PV M1 and S2 RNA sequences in close association early in infection, allowing for recombination within one (nascent) replication complex.
MATERIALS AND METHODS
Cells and virus infection. HeLa cells were grown as monolayer cultures and infected at a multiplicity of infection of 15 PFU/cell with PV M1 and at a multiplicity of infection of 60 with PV S2 (strain P712Ch 2ab) to compensate for the different replication efficiencies. The cells were infected with either one PV type alone or with both, simultaneously or sequentially. For a sequential infection, the first virus was adsorbed to the cell at 36°C in the presence of cycloheximide (CHI) (200 M; Sigma) for 30 min to allow for uptake and decapsidation of the virus but not for the start of replication. The cells were then washed thoroughly and infected with the second virus in the absence of CHI. To verify that input viral RNA could be detected by FISH experiments in the absence of replication, the cells were infected in the presence of 2 mM guanidine (13) to prevent viral RNA transcription. After all infection procedures, the cells were transferred to medium with 5% fetal calf serum.
In vivo labeling of viral RNA. To quantify viral RNA, actinomycin D (AMD) (5 g/ml; Merck, Sharp & Dohme) was added to infected cells 30 min prior to pulsing them with [5,6- 3 H]uridine (Amersham Pharmacia Biotech) for 10 min. Acid-precipitable radioactivity was counted in a liquid scintillation counter.
Amplification of PV RNA by RT-PCR and selective amplification and sequencing of recombinants. RNA was extracted from infected cells with phenol-chloroform, precipitated with ethanol, and reverse transcribed with random-hexamer primers and Ready-to-Go You-Prime First-Strand Beads (Amersham Pharmacia Biotech). PCR was performed with Pwo polymerase (Roche Molecular Biochemicals, Mannheim, Germany) at an annealing temperature of 55°C. After gel electrophoresis in 1.5% agarose (Gibco-Invitrogen), the PCR products were visualized with ethidium bromide in a UV illuminator. PV M1 and S2 cDNAs were amplified using the specific primers indicated in Table 1 . To selectively amplify recombinants (Fig. 1 ) from PV M1-and S2-double-infected cells, RNA was reverse transcribed as described above and PCR was performed with the upstream primer specific for PV S2 (S up) and the downstream primer specific for PV M1 (M down), as indicated in Table 1 . For sequencing, the resulting DNA band was stabbed in the gel with a micropipet and reamplified with the same primers. After gel electrophoresis, the recombinant DNA was recovered with a gel extraction kit (Qiagen), and sequencing reactions were performed with the sense S up or the antisense M down primer and analyzed in an ABI 310 Genetic Analyzer (Perkin-Elmer).
Preparation of labeled PV type-specific riboprobes. To obtain PV S2 cDNA, RNA from virus stock was extracted and reverse transcribed as described above. For PV M1, the EcoRI-linearized plasmid DNA pT7PV (kindly provided by Eckard Wimmer, Stony Brook, N.Y.) was used. Templates for riboprobe preparation were generated by PCR within the VP1 genomic region using the appropriate primers (Table 1) , with the downstream primer comprising the T7 promoter (19) . From the amplified DNA fragments, riboprobes of minus polarity were in vitro transcribed with T7 polymerase (Roche Molecular Biochemicals). Two riboprobes were designed to be specific for PV M1, and two were designed to be specific for PV S2 (Fig. 1) . The PV M1-specific probes comprised nucleotides (nt) 2687 to 2800 and 3083 to 3185 and were designated 5ЈM and 3ЈM, respectively. For PV S2, the probes comprised nt 2675 to 2800 and 3085 to 3187 and were designated 5ЈS and 3ЈS. An ϳ3,000-nt-long non-type-specific riboprobe of high sensitivity comprised nt 4460 to 7440 ( Table 1 ). The nucleotide numbering (EMBL database) is that of the respective plus-strand RNA of PV M1 or S2. The riboprobes were labeled as described previously (19) by incorporation of UTP tagged with the fluorochrome fluorescein isothiocyanate (FITC) (ENZO, New York, N.Y.) or Alexa 546 (A546) (Molecular Probes, Eugene, Oreg.) or with digoxigenin (DIG) (Roche Molecular Biochemicals). The probe 4460-7440 was hydrolyzed to fragments of about 100 nt (19) . Unincorporated tagged UTP was removed with a Micro Bio-Spin 6 column, followed by a Micro Bio-Spin 30 column (Bio-Rad, Hercules, Calif.).
Northern and Southern blot hybridization. PV M1 or S2 suspensions were clarified by centrifugation, and the RNA was phenol-chloroform extracted, loaded onto a denaturing 0.8% agarose gel, and blotted. DNA amplified by RT-PCR from infected cells was loaded onto a 1.5% agarose gel and blotted. For hybridization, the DIG-labeled riboprobes 5ЈM, 3ЈM, 5ЈS, and 3ЈS were used as appropriate and visualized with alkaline phosphatase-coupled anti-DIG Fab fragment (ENZO).
IF and FISH. For immunofluorescence (IF) analysis or FISH, cells were grown on glass coverslips and fixed as described previously (12) at various times postinfection (p.i.). The protocol for FISH has been described in detail previously (12, 19) . For the simultaneous detection of PV M1 and S2 RNA in double-infected cells, the FITC-labeled PV M1-specific and the A546-labeled PV S2-specific riboprobes were mixed and applied. Either the 3ЈM and 3ЈS probes or all four probes were combined.
For indirect IF analysis, the monoclonal antibody (MAb) 1D3.B1 directed against PV protein 2B (20) was used, followed by a goat anti-mouse antibody coupled to Texas Red (Molecular Probes).
Microscopy and image acquisition. For conventional light microscopy, an epifluorescence microscope (Nikon E800) equipped with suitable filters and phase-contrast optics was used. To merge IF or FISH with phase-contrast pictures, the fluorescent and the phase-contrast pictures were recorded separately on Kodak TMax 400pro film under optimal exposure conditions. In addition, the same field was photographed simultaneously with both modes combined to facilitate the accurate overlay of the separate pictures by digital image processing using Adobe Photoshop software.
Optical sections were taken with a confocal laser scanning microscope (CLSM) (TCS4D; Leica Lasertechnik, Heidelberg, Germany) and recorded in a sequential-acquisition mode to avoid cross talk ("bleeding") from one fluorochrome detection channel into the other. Background fluorescence and colocalization were determined as described earlier (48) 
RESULTS

Detection of recombination between PV M1 and S2 genomes in double-infected cells.
To allow the detection of recombination events during a double infection with two different PV strains, PV genomic sequences were searched to find regions of low homology. Such differing sequences were found in the VP1 region of PV M1 and S2. This enabled us to select primers ( Fig. 1 ) to specifically amplify VP1 sequences of either PV M1 or S2. To test the specificities of the primers, HeLa cells were infected with PV M1 or S2 or with both PV types simultaneously. RNA was extracted at 3.5 h p.i., and its cDNA was amplified by PCR with the corresponding primer pairs (Table  1 ). Figure 2A shows that after infection with PV M1, only the M1-specific primers yielded a band of 638 nt (lanes 1 to 3), and after infection with PV S2, the S2-specific primers produced a band of 473 bp (lanes 5 to 7). The M1-and S2-specific bands were also obtained in cells infected with both PV types (lanes 8 and 9). To test whether recombination had occurred in the double-infected cells, PCR was performed with the primer combination S up and M down (Table 1) . This yielded a band of 471 bp, which could be reamplified with the same primers (lanes 10 and 11). Thus, this primer pair allows the selective amplification of VP1 recombinants in a large pool of parental strands. To confirm that recombination occurred during replication in the double-infected cell and not during RT-PCR (31), RNAs extracted from either PV M1-or S2-infected cells were mixed in vitro prior to amplification ( Fig. 2A, lanes 13 to 16) . No (recombinant) band was obtained with the S up-M down primer pair (lane 15) even after reamplification (lane 16). In PV S2-and double-infected cells, this primer combination also consistently yielded a nonspecific band of Ͼ300 bp which was due to spurious priming of the M down primer on PV S2 cDNA ( Fig. 2A , lane 7, and 3B).
To confirm recombination, the reamplified 471-bp band obtained by PCR ( Fig. 2A , lane 11) was sequenced with the S up or the M down primer. The sequencing data obtained indicated the presence of PV recombinants with a 5ЈS2 and a 3ЈM1 end (Fig. 2B ). Since sequencing was done directly with the PCR product without prior cloning, the sequence had to belong to a predominant, but not necessarily homogenous, pop- ulation of recombinants. The data do not allow us to narrow the recombination event more than to the region nt 2897 to 2912 (Fig. 2B ).
In conclusion, intertypic replication-dependent recombination had occurred in PV M1-and S2-double-infected cells under our experimental conditions in a type-specific region of VP1. Other possible recombinants in the same or other locations have not been investigated further (see Discussion).
Specificity of riboprobes for detection of parental and recombined RNA. In order to detect in situ the possible intracellular site of the recombination described above, riboprobes were prepared, using appropriate sequences in the VP1 region To test their specificities, the DIG-labeled M and S probes were applied to Northern blots of RNA extracted from partially purified PV M1 or S2. Figure 3A shows that all four probes hybridized only to their respective target RNAs and did not nonspecifically recognize sequences in the nonhomologous viral genome. The same probes were also hybridized to DNA obtained by RT-PCR from PV M1-, S2-, or double-infected cells. Figure 3B shows, in ethidium bromide-stained gels, the presence and locations of the respective bands and, in the juxtaposed blot, that the 5ЈM1 and 3ЈM1 probes specifically recognize PV M1 (lane 6) and the S2 probes specifically recognize PV S2 sequences (lane 4). The recombinant 471-bp band, obtained from double-infected cells, was recognized by the 5ЈS and the 3ЈM probes (lane 5), which is in agreement with the sequencing data (Fig. 2B) , indicating recombination between the corresponding 5ЈS2 and 3ЈM1 sequences. The nonspecific Ͼ300-bp band (Fig. 3B and 2A, lane 7) was recognized by the 5ЈS probe and not by the 3ЈS probe, which indicates that it contained PV S2 sequences upstream of the binding site of the 3ЈS probe and was produced by false priming of the M down primer on the PV S2 template.
Thus, hybridization on blotted cDNA and RNA confirmed the type specificities of the riboprobes for their respective target sequences within the VP1 genomic region, intended for the in situ localization.
Detection of mixed PV M1-and S2 RNA-containing replication complexes as possible recombination sites. Replicative recombination between RNA strands requires their close spatial association during replication, presumably in the same replication complex. To detect possible recombination sites within double-infected cells, PV M1 and S2 and their recombinant RNA were located by type-specific FISH in the CLSM. Type specificity necessitated the use of comparatively short probes of about 100 nt (Table 1) , so in many experiments, two probes of the same type specificity were combined to enhance the sensitivity of the FISH. To confirm the specificities of the probes for FISH, the four probes were mixed and FISH was performed on cells infected with either PV M1 or S2. Figure 4 shows that the FITC-labeled PV M1 probes and the A546-labeled S2 probes hybridized type specifically ( Fig. 4a and d) with no cross-reactivity detectable (Fig. 4b and c) , even with digital overamplification of the background signal (not shown). The same FISH results were obtained by conventional light microscopy (not shown).
Hybridization in PV M1-and S2-double-infected cells with the same four probes showed that a large proportion of the M1 and S2 RNA strands colocalized. Since viral RNA at that stage of the infectious cycle is contained in replication complexes, the FISH results mean that, surprisingly, the majority of the replication complexes contained plus-strand RNA sequences of both PV types (Fig. 5a to c) . In this experiment, all four riboprobes (Fig. 1) were used, and therefore, mixed replication complexes could have contained both parental and recombinant RNA or merely multiplying recombinants which had arisen elsewhere.
To avoid the detection of replication complexes containing a multiplying recombinant only (Fig. 1) and to test for presumably recombination-competent replication complexes containing PV M1 and S2 sequences on two separate (parental and/or already recombinant) RNA strands, FISH with only the 3ЈM (FITC) and 3ЈS (A546) probes was performed. Due to a slight asynchrony in the viral replication, cells with individual perinuclear replication complexes (considered to be cells at an earlier 6) . The probes recognize PV M1 cDNA of 638 bp or PV S2 cDNA of 473 bp at their 5Ј and 3Ј termini. The 471-bp cDNA of the PV S2-M1 recombinant is recognized by the 5ЈS and the 3ЈM probes but not the 5ЈM and the 3ЈS probes. The asterisks indicate nonspecific bands as in Fig. 2. stage in the infectious cycle) and cells with a more central and condensed location of the replication complexes (cells at a later stage [12] ) can be seen in preparations at 3.5 h p.i. FISH with the 3ЈM and 3ЈS probes (Fig. 5d to i) showed that the majority of the replication complexes in earlier and later stages exhibited colocalization of both M1 and S2 signals and thus contained RNA with M1 and S2 sequences on separate strands, which would allow recombination. Quantification of the replication complexes showed that at early and late stages at least 85% of all replication complexes carried both signals ( Table 2) .
Analysis of CLSM pictures at high magnification revealed the spatial arrangement and the colocalization of PV M1 or S2 sequences in several individual replication complexes (Fig. 5k) . Sequences PV M1 and S2 were found to colocalize predominantly in the central parts of the complexes. To score as colocalization in the CLSM protocol used, the red and green signals must be recorded within the same 50-nm-diameter pixel. Therefore, the two signals, and hence the corresponding target RNA sequences, have to be associated at a distance of 50 nm or less.
To illustrate the dimensions of the replication complexes and the replicating RNA in Fig. 5k, Fig. 5l shows an electron micrograph of an isolated PV replication complex (a rosette [6, 9] ). The rosette, with a long axis of ϳ1 m, harbors replicating PV RNA with a stretched out length of 2.7 m (37). For comparison, the same rosette is reproduced to scale in the inset to Fig. 5k .
Our data indicate that most of the replication complexes are built up by RNA strands differing in sequence at the same positions in VP1. Early in the infectious cycle, they might be the infecting parental RNA strands; later, they might conceivably be parental and/or recombinant strands. The mixed replication complexes, therefore, could continuously give rise to intertypic recombination.
Tracing individual input viral genomes from cell entry to the site of replication complex formation. The experiments presented above suggest the formation of replication complexes containing two different (parental) RNA molecules. The statistical likelihood for two parental RNA strands to encounter and build up a mixed replication complex, however, seems quite low, given the small size of a replication complex compared to that of a cell. The chance for the formation of mixed replication complexes would be higher if preferential sites for the formation of replication complexes existed. To test for such possible sites, we traced, by FISH, input viral genomes on their way from virus adsorption to the formation of replication complexes.
To establish that input PV genomes can be detected with the FISH protocol used, cells were infected with PV M1, blocked with guanidine-HCl to prevent RNA replication, and subjected to FISH with a plus-strand-detecting riboprobe ϳ3,000 nt long. The length of the riboprobe allowed us to achieve the necessary sensitivity for input RNA detection but abolished type specificity. A discrete granular signal (Fig. 6a) , clearly above the background fluorescence seen in mock-infected cells (Fig.  6b) , was observed and is considered to be indicative of input viral RNA.
In PV M1-and S2-double-infected cells, input viral genomes were distributed over the cell at 0.5 h p.i. (Fig. 7a) . To locate the FISH signals with respect to the entire cell, phase-contrast and FISH pictures of the same microscopic field were overlaid. Figure 7b shows the locations of the FISH signals over the cytoplasm, as well as at the cell periphery. At 1.0 h p.i., the signals were found throughout the cytoplasm of the cell, but less at its surface (Fig. 7c) . At 1.5 h p.i., the number of signals per cell was decreased, and they appeared as larger clumps around the nucleus (Fig. 7d) . About an hour later, the first PV vesicles forming viral replication complexes became visible in a perinuclear region by IF analysis with anti-2B MAb, previously established as a vesicle marker (21, 48) (Fig. 7f) . Their location was compatible with the perinuclear location of the FISH signal (Fig. 7e) . The number of replication complexes at 2.5 h p.i. appeared definitely lower than the number of input RNA signals at 0.5 h p.i. (Fig. 7a) . Optical sections obtained by confocal microscopy of the same specimens confirmed the location of the nascent replication complexes adjacent to the nucleus (not shown; similar pictures are presented in Fig. 5a to f) .
In conclusion, the location of the RNA signal during the early phases of the infection suggests that the viral input RNA migrates to a perinuclear region, where translation and, subsequently, RNA replication in a replication complex starts at relatively few specific sites.
Temporal correlation of replication and recombination. The data presented indicate that mixed replication complexes are common in double-infected cells. We wanted to know whether recombination, in our system, occurred at early stages of replication complex formation, i.e., when the first replication complexes were emerging at their presumably specific sites. To correlate the kinetics of viral RNA synthesis with the emergence of recombinants, incorporation of a radioactive precursor into viral RNA in cells double infected with PV M1 and S2 ( Fig. 8A ) was compared to the appearance of the 471-bp recombinant cDNA band after RT-PCR (Fig. 8B) . From 3 h p.i. onward, AMD-resistant RNA synthesis could be measured above background, which is relatively high in this cell system (Fig. 8A) . The first recombinants could be detected at 2.5 h p.i. (Fig. 8B) , which clearly puts the earliest recombination event at the very beginning of the viral growth cycle, when the first replication complexes were formed.
In the experiments described above, cells were infected by adding PV M1 and S2 simultaneously. This could have resulted in mixed virus aggregates, which would facilitate recombination and mimic the proposed preferential sites of replication complex formation. To exclude this possibility, cells were infected sequentially in order to prevent virus aggregation at the adsorption and penetration step. However, even a small temporal advantage (10 min) of the first virus led to considerable inhibition of the second virus as monitored by type-specific FISH at early time points (not shown). Therefore, the first virus was adsorbed to the cells in the presence of CHI. Thirty minutes later, the drug and unadsorbed virus were washed out and the second virus was added, which resulted in sequential adsorption and uptake of the two virus strains but simultaneous onset of replication. Figure 8C shows that recombinants, as measured by RT-PCR, appeared at the same time p.i. (2.5 h), regardless of whether adsorption with the parental PV strains was sequential (lanes 1, 2, 4 , 5, 7, and 8) or simultaneous (lanes 3, 6, and 9). Consistent with the findings in Fig.  8B , recombinant RNA could not be found without ongoing RNA replication, i.e., earlier than 2.5 h p.i. (not shown) or in cells kept under CHI (Fig. 8C, lane 10) .
These findings make aggregation of the viral inoculum an unlikely factor for the early occurrence of recombination and the high percentage of mixed replication complexes observed in our experiments. They rather support the view that preferential perinuclear sites exist where several RNA genomes together can form a replication complex which contains more than one replicating genome and thus allows for recombination.
DISCUSSION
In the present study, we addressed the question of how recombination between different viral RNA genomes may take place in the infected cell. The process of recombination implies the close association of two parental RNA strands, and thus, we asked how viral genomes might find each other. How might this happen early in infection, when the genomes are still spread out in a comparatively large cell and have not yet accumulated in replication complexes? On the other hand, the observation that these complexes are built up in cis and are tightly closed (21) suggests that genetic exchange of replicating RNA enclosed in replication complexes would again be impeded.
Our objective was to find the intracellular site where recombination occurs. To locate RNA of PV serotypes 1 or 2 in the infected cell, fluorescent type-specific riboprobes were used, and the presence of the donor and acceptor plus strands, PV Recombination was reported to occur, in principle, over the entire viral genome (31, 32) , although reduced in a possibly temperature-dependent way in the P1 genomic region (18) . For our work, we had chosen an RNA stretch, within VP1 of the P1 genomic region, sufficiently differing in sequence between PV M1 and S2 to allow for type-specific RNA localiza- were detected by type-specific PCR at the indicated times p.i. Lanes 1, 4, and 7, cells were infected with PV M1 in the presence of CHI, washed, and then infected with PV S2; lanes 2, 5, and 8, cells were first infected with PV S2 and then with PV M1 as described above; lanes 3, 6, and 9, cells were mock infected in the presence of CHI, washed, and then simultaneously infected with PV M1 and S2; lane 10, cells were infected simultaneously with PV M1 and S2 and kept under CHI to prevent virus replication, which resulted in a lower intensity of the nonspecific band. R, recombinant; ‫,ء‬ nonspecific band as in Fig. 2 ; MW, molecular size ladder. tion by FISH. Luckily, in this region, recombination occurred reproducibly, as shown by type-specific PCR and hybridization of type-specific probes to and sequencing of the PCR products. These assays are not dependent on the viability of the recombinants, and this might have helped to detect recombination in a region where it was reported to be low (18) . Surprisingly, we found recombination to occur at a predominant site within the tested stretch of about 450 nt. This might support the view that RNA structures which favor template switching exist (45, 54) . Conceivably, other recombinants may develop outside of or within the VP1 region investigated, notably a possible reversed recombinant having an M1 5Ј and an S2 3Ј end. However, for the RNA localization experiments reported here, it was important to demonstrate that recombination as such may occur in the RNA region tested, and thus, other possible recombinants than the one characterized in Fig. 1, 2 , and 3 were not explored.
Using parental PV strains not carrying markers which restrict replication, the conditions under which recombination occurred were not restrictive for the multiplication of either of the two viral partners. As expected, recombination was detected only if the parental strands were allowed to replicate in double-infected cells. This was shown by mixing PV M1 and S2 RNAs just before RT-PCR ( Fig. 2A) or inhibiting replication in double-infected cells with CHI (Fig. 8C, lane 10) , which did not give rise to recombinants. Furthermore, in time course experiments, recombinants were found only after the onset of viral replication (compare Fig. 8A and B) . Before that time, only parental RNA genomes, but no recombinants, could be detected (not shown). These findings also argue against an RT-PCR artifact in the detection of the recombinants.
By locating RNA sequences of both PV serotypes by FISH, we found a surprisingly high percentage (Ͼ85%) of individual replication complexes containing both recombination partners, PV M1 and S2 RNAs, early in infection. Thus, exchange of RNA between different replication complexes is not required for recombination, and structural constraints for the polymerase to switch from a donor to an acceptor RNA strand seem to be low in mixed replication complexes.
The presence of a large percentage of mixed replication complexes and the emergence of recombinants concomitantly with the onset of replication prompted us to investigate when and where the parental RNA strands would come together. Therefore, the early steps of replication complex formation were followed with a highly sensitive fluorescent non-typespecific ribopobe. We were able to detect input viral RNA genomes and follow their migration up to the site where viral RNA replication started. After emerging as large numbers of extremely small granules at the cell periphery, the input RNA moved centripetally toward the nucleus. After having reached the perinuclear region, the RNA was found to locate to larger but fewer spots. Concomitantly, the first PV vesicle clusters appeared, as demonstrated by IF with a MAb against protein 2B, a marker protein for the PV vesicles (5, 20, 48) . Such early vesicle clusters represent actively RNA-synthesizing replication complexes, as was demonstrated previously (8) .
Input viral RNA, in migrating to the nuclear periphery to start replication, showed a clear decrease in the number of FISH signals. This could be due to either degradation of genomes, leaving only a few replication-competent RNA strands, or to nesting of several strands at few but specific sites. Rapid degradation of decapsidated viral RNA does not seem likely, since FISH signals persisted in cells with guanidine-blocked viral replication until 2 h p.i. (Fig. 6 ) and were found up to 7 h p.i. (not shown).
Our data indicate that (few) preferential start sites exist where PV replication is initiated, i.e., where minus-strand RNA synthesis is launched. These start sites may well correspond to our previously described delineated membrane-associated and minus-strand RNA-containing structures ("germ centers") ϳ1 m in diameter (12) . They were found to persist in number and size throughout the viral replication cycle, becoming more and more embedded in a progressively growing area with predominantly plus-strand RNA. Whether the actual coming together of different genomes takes place only at the start sites of replication or also during the migration of the genomes from the cell periphery to the perinuclear area is unknown. However, experiments with sequential infection ruled out aggregation of input virus, and the FISH data ( Fig. 7) can be interpreted to mean that individual viral genomes are separated until later in their migration across the cytoplasm. We favor the interpretation that the genomes come together at a few preferential start sites for replication complex formation over the view that nascent replication complexes could attract additional viral genomes. The latter possibility seems less likely, since the formation of a PV replication complex was found to proceed in cis (21) .
The possible existence of limiting replication sites was discussed in earlier work (17) , in which competition for such putative sites was considered to be an explanation for the interference of two viruses in double-infected cells. The view that preferential start sites for viral RNA replication exist is also supported by previous observations on the location of COPII-mediated vesicle formation in PV-infected and uninfected cells (48) . In uninfected cells, the COPII proteins induce the vesicles of the anterograde membrane pathway and are distributed throughout the cytoplasm (reference 48 and references therein). In contrast, in PV-infected cells, the COPII proteins are involved in the formation of and are present on PV vesicles and the COPII proteins were found in a perinuclear location (48) . However, the mechanism by which PV chooses its start site for RNA replication is unknown and may include translational or transcriptional processes and the presence of indispensable cellular factors.
A limited number of preferential start sites for viral replication clearly would facilitate the formation of mixed replication complexes. Analysis of the spatial relationship between RNA strands in mixed replication complexes indicated a close arrangement of the genomic segments visualized by our typespecific riboprobes. To score as colocalization, different RNA strands must have a lateral distance of Ͻ50 nm, i.e., less than the pixel size used in our confocal microscopy protocol. Due to the small diameter of an RNA strand, even more than two RNA strands may be lying in parallel across a 50-nm-diameter area. The actual colinear alignment of those segments of the parental RNA strands involved in the switching process was proposed to be mediated by distinct secondary structures (45, 54) . In addition, it was recently suggested (36) that viral RNA synthesis takes place on the surfaces of two-dimensional viral polymerase lattices forming small tubules connected to the (36) . Recombination takes place early in the infectious cycle (31). We report here that viral input genomes migrate to preferential replication start sites where, by the cooperation of two or more different genomes, replication complexes are formed, of which the majority contain a mixed RNA population and thus can autonomously provoke genetic rearrangement.
